Coalescence during annealing of quiescent immiscible polymer blends, containing polypropylene (PP) matrix and different amount of ethylene-propylene copolymer (EPR) as dispersed phase, was studied. Comparison of experimental results with available coalescence theories revealed that changes in the phase structure after 20 min annealing can be precisely estimated using the approximate theory of coalescence induced by van der Waals forces and considering drainage of the matrix film between spherical droplets. All results evidenced growth of the EPR droplet size with the annealing time and temperature; increase in the content of dispersed phase contributed to higher growth rate of the dispersed phase, more pronounced at the coalescence origin. Anisometry of the EPR droplets and droplet shape relaxation were perceived, both interfering the course of coalescence. Enhanced elasticity of examined blends at low frequencies and positive deviation of the complex viscosity from the linear mixing rules was observed.
Introduction
Pronounced growth of the size of dispersed particles in immiscible polymer blends at temperatures higher than melting and glass transition temperatures has been found in a number of studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . There is not a full consensus on mechanism of the growth of dispersed particles of minor phase. Generally, there are two mechanisms which can cause particle growth in quiescent polymer blends: Ostwald ripening and coalescence. In the course of Ostwald ripening, small droplets dissolve and large droplets growth due to the concentration gradient of the minor component dissolved in the matrix, which depends on the radius of the droplet. Analyses of the predictions of Ostwald ripening theory [6] [7] [8] showed that the rate of particle growth should decrease with increasing interfacial tension between the blend components, which is in a strong contradiction with the available experimental results [14] . For this reason Ostwald ripening cannot be the decisive mechanism of the droplet growth, at least in blends with high or moderate interfacial tension. On the other hand, the theory considering coalescence induced by van der Waals forces [15] predicts increasing rate of droplet growth with increasing interfacial tensions. Therefore, it seems that the coalescence is the main mechanism of the droplet growth in annealed immiscible blends. Molecular forces, Brownian motion and gravity can generally influence coalescence in quiescent polymer blends. The process can be divided into four steps [16] : 1) approach of the droplets, 2) drainage of the matrix film trapped between the approaching droplets, 3) breakup of the matrix film between the droplets after their approaching to the critical distance (h c ), 4) relaxation of the shape of a droplet formed by the coalescence to the spherical one. Contribution of individual steps to the coalescence in quiescent blends depends on the average distance between a droplet and its nearest neighbor at the start of coalescence, 〈h 0 〉. Consequently, approach of the droplets caused by Brownian motion is decisive step for polymer blends with 〈h 0 〉 substantially larger than the droplet radius, R 0 . Coalescence in these blends is described by modification of classic Smoluchowski theory of coalescence induced by Brownian motion [2] . This theory is applicable on blends with a low content of the dispersed phase, for which remarkable coalescence has not been experimentally detected. The drainage of the matrix film between the approaching droplets is decisive for blends in which the inter-droplet distance is shorter than the droplet radius, R 0 /2 ≥ 〈h 0 〉 ≥ h c [3, [17] [18] [19] . For these systems approach of droplets is also influenced by molecular forces and their contribution increases with decreasing interdroplet distance. It was shown that during coalescence induced by van der Waals forces and/or Brownian motion, flattening of the droplets at drainage of the matrix in typical polymer blends is negligible [15] . Therefore, approximate theory describing film drainage between spherical droplets during van der Waals forces or Brownian motion induced coalescence is the most adequate available theory for the coalescence in quiescent polymer blends [15] .
The objective of the present work was to examine the coalescence during annealing of immiscible polymer blends and compare/describe the observed morphology evolution with the available coalescence theories. Particular attention was given to the changes in the droplet size with the content of dispersed phase and the annealing temperature.
Results and discussion
Changes in the phase structure during annealing of immiscible polymer blends i.e., growth of the size of dispersed droplets, are driven by the tendency to achieve morphology with minimum interfacial area [20] . Thermally induced morphological changes were examined on PP/EPR polymer blends. All results evidenced growth of the EPR droplet size with the annealing time, as a result of droplets coalescence (Fig. 1) . Before the annealing, PP/EPR blends with all studied compositions exhibited similar EPR droplet size; at the end of the annealing the droplet size diverse more significantly (see Fig. 2 ). Immediately after melt mixing, droplet ED varied from 0.26 μm in PP/EPR (85/15wt.%) to 0.38 μm in PP/EPR (70/30wt.%). After 60 min annealing, the ED of EPR droplets ranged from 0.49 μm in PP/EPR (85/15wt.%) to 1.09 μm in PP/EPR (70/30wt.%). Increase in the weight fraction of EPR lead to a higher growth rate of the droplet size, more pronounced during the first several minutes of annealing. In this manner, after 5 min annealing droplet ED increased in PP/EPR (85/15wt.%) from 0.26 μm to 0.36 μm (38,3 %), in PP/EPR (80/20wt.%) from 0.31 μm to 0.44 μm (42,1 %), in PP/EPR (75/25wt.%) from 0.35 μm to 0.57 μm (59,8 %), and in PP/EPR (70/30wt.%) from 0.38 μm to 0.80 μm (110,3 %). During coalescence origin in quiescent polymer blends with a high content of the dispersed phase, where 〈h 0 〉 is approaching to h c , part of the droplets having their nearest neighbor in a distance shorter than h c coalesce very rapidly. After coalescence origin, the rate of coalescence is slowing down because the coalescence of droplet pairs with shortest inter-droplet distances finishes. Coalescence of the other droplets having longer distance from their nearest neighbor than h c is controlled by the matrix drainage between neighboring droplets. There is no available theory which describes consistently all the steps for the coalescence in annealed polymer blends. A contribution of individual steps of the coalescence to the coalescence time depends on the average distance between a droplet and its nearest neighbor at the coalescence origin. Assuming that a blend contains randomly distributed monodispersed spherical droplets, the following expression is available for the dependence of 〈h 0 〉 on the volume fraction of the dispersed droplets, ϕ, [21] :
For large φ the following analytical asymptotic expression was found [21] :
Dependence of reduced inter-droplet distance, f, on the volume fraction of the dispersed phase divulge that for ϕ > 0.15 the inter-droplet distance, 〈h 0 〉, is shorter than half of droplet radius, R 0 /2, meaning that in examined quiescent PP/EPR blends the drainage of matrix film between approaching droplets should be the decisive step of coalescence. At short inter-droplet distances, van der Waals force overcomes the force caused by the Brownian motion and controls the droplets coalescence.
The droplets approach is the most important contribution to the coalescence time for quiescent molten polymer blends with 〈h 0 〉 >> R. Classical theory of the Brownian motion induced coalescence developed by Smoluchowski cannot be used for evaluation of the coalescence in polymer blends because Smoluchowski's approximation for the droplet flux, well approved for low-molecular weight emulsions, is not applicable for molten polymer blends. The theory of coalescence [2] , derived using approximation for the droplet flux which better matches to molten polymer blends, necessitates small correction because Stokes' formula for hard spheres was used for friction resistance of moving droplets. If the spherical droplets are considered as viscose fluids with viscosity η d , their friction resistance ζ can be expressed as [22] :
where η m is viscosity of the matrix, p is the ratio of viscosity of the dispersed phase and of the matrix, η d /η m , and the function X is defined as:
If instead of Stokes' formula for ζ is used Eq. (3), the equation for the time dependence of R (Eq. 22 in ref. [2] ) passes to:
where R 0 is the droplet radius at the start of coalescence, k is Boltzmann's constant, T is the temperature and t is the time of coalescence. Equation (5) describes the coalescence in quiescent polymer blends with low content of the dispersed phase. After substitution of parameters typical of polymer blends, Eq. (4) leads to the conclusion that the coalescence is insignificant [2] . It seems to be correct for molten quiescent polymer blends where significant coalescence cannot be experimentally detected, ϕ < 0.1. PP/EPR blends with such a low content of dispersed phase were not examined in this research work.
The contribution of the droplets approach to the coalescence decreases with decreasing 〈h 0 〉, i.e. increasing ϕ. For R 0 /2 ≥ 〈h 0 〉 >> h c the first step of coalescence is practically not operative and the coalescence starts by drainage of the matrix film trapped between a droplet and its nearest neighbor. Approximate theory of coalescence induced by van der Waals forces and considering drainage of the matrix film between spherical droplets as its decisive step was derived [15] . The time dependence of the droplet radius for van der Waals forces induced coalescence in blends having Newtonian droplets dispersed in Newtonian matrix is given by:
A is the effective Hamaker constant and H V is defined as:
Outcome of the proposed theory is linear dependence R 3 (t) on t. Experimental data for PP/EPR blends plotted as third power of droplet size changes with the annealing time are presented in Fig. 3 . For lower content of dispersed phase (15 wt%) small degree of coalescence was experimentally detected. As can be seen, the first 20 min in annealing of quiescent PP/EPR blends (with different dispersed phase content) are represented by curved lines and followed by linear dependence R 3 (t). In the initial period, increment of the content of dispersed phase contributes to more pronounced curvature. As the content of dispersed phase increase also increases the number of droplet pairs with 〈h 0 〉 ≈ h c . Coalescence during its starting period is much more rapid than it is predicted by the proposed theory which considers that all droplets are within the average distance 〈h 0 〉 from its nearest neighbor [15] ; the distribution of distances results in curved dependences R 3 (t). The rate of coalescence is slowing down after coalescence origin because the coalescence of droplet pairs with shortest inter-droplet distances finishes. The second reason for slowing of the coalescence with its time is the fact that 〈h 0 〉 is directly proportional to R for monodispersed randomly distributed spheres, but h c is proportional to R 1/3 [16] .
Applicability of coalescence theory derived under assumption of drainage of the matrix film between spherical droplets as its decisive step [15] was verified using the experimental data from the linear part of the dependence R 3 (t). Through solving the Eq. 7, using experimental values for the parameters given in Tab. 1 and method of numerical integration, can be acquired the values for H V . Gained values for H V were used for determining the Hamaker constant from Eq. 6, for different content of dispersed phase, knowing the slopes from the linear part of experimental dependence R 3 (t) (after 20 min annealing). Calculated slopes are in the same order of values as calculated by Mirabella for PP/EPR blend with 17.6 wt% EPR [6] . Acquired values for the Hamaker constant (see Tab. 2) were used for calculating the theoretical lines of the dependence R 3 (t) in Eq. 6, for different content of dispersed phase in PP/EPR blends (see Fig. 4 ). From the Fig. 4 becomes obvious that the approximate theory of coalescence induced by van der Waals forces and considering drainage of the matrix film between spherical droplets, using appropriate value for the Hamaker constant, estimates/predicts accurately the changes in the morphology during annealing of immiscible polymer blends in quiescent state. 
Tab. 1. Parameters used in calculations of dependence of R 3 (t).

Quantity
Tab. 2. Values of Hamaker constant calculated from the linear part of R 3 (t).
Polymer blend Slope (μm 3 From the plotted results it can be seen that an increase in the temperature from 180 o C to 200 o C gives small contribution toward increase in the size of dispersed droplets, although after longer thermal treatment relatively bigger particles were observed (after 60 min: 0.92 μm at 180 o C and 1.1 μm at 200 o C). Further increase in the annealing temperature to 220 o C resulted in more pronounced increase in the particle size, represented by higher growth rate in the initial coalescence period and relatively bigger particles after 60 min annealing (1.26 μm).
Anisometry of the EPR droplets at coalescence origin (typical of most blends with a higher content of the dispersed phase at the end of mixing [23] ) and droplets shape relaxation were perceived i.e., retraction of coalescing EPR droplets to the spherical shape which interferes with the course of coalescence. This can be well observed on the micrographs for the system PP/EPR (70/30wt.%) (Fig. 6) . Value for the CI varied from 0.83 before the annealing to 0.93 after 10 min, 0.94 after 30 min and 0.95 after 60 min annealing. For systems with anisometric droplets at coalescence origin, the effects of particles anisometry on the inter-particle distance and of the particle shape relaxation on the particles approach should be considered. The time dependences of the particle size for quiescent polymer blends having anisometric and spherical droplets in the origin of coalescence differ especially at short times. Anisometry of droplets is influencing 〈h 0 〉, but the course of coalescence in quiescent state is very weakly affected by the droplet anisometry for blends where 〈h 0 〉>>h c [24] . Linear viscoelastic properties of the homopolymer melts (PP and EPR) and melts of PP/EPR blends, PP/EPR (85/15wt.%) and PP/EPR (70/30wt.%), are plotted in Fig. 7 .
The enhanced elasticity of examined blends at low frequencies and positive deviations of the complex viscosity from the linear mixing rules was observed. This is an expected result, because the positive deviation of viscosity is the typical behavior of immiscible blends with droplets included in a continuous phase. This among other things indicates a good interaction at the blend interface. The clearly visible growth of the elasticity at low frequencies is apparently associated with the deformation of the EPR droplets [25] .
Conclusions
Morphology changes during isothermal treatment of PP/EPR blends in quiescent state are determined by growth of the EPR particle size with the annealing time.
Higher growth rate of the particle size with increase in the weight fraction of dispersed phase was detected during the initial period of coalescence, consequence of higher content of droplet pairs with inter-droplet distances in the critical range. The particle size at the end of the annealing differed more substantially for blends with different composition, although the initial particle size exhibited comparable value; somewhat similar contribution gave the increase in the annealing temperature.
Changes in the phase structure during annealing can be accurately estimated using the approximate theory of coalescence induced by van der Waals forces and considering drainage of the matrix film between spherical droplets.
The effects of particle anisometry on the inter-particle distance and of the particle shape relaxation on the particles approach should be considered for systems with anisometric droplets at coalescence origin.
Enhanced elasticity of examined blends observed at low frequencies is connected with the deformation of the EPR droplets.
Experimental part
Materials
Polypropylene Mosten GB 003 (Unipetrol group, Czech Republic) is general purpose homopolymer with MFI of 3.3 g/10 min (ISO 1133) and density 0.907 g/cm 3 (ISO 1183). Ethylene-Propylene rubber EXXELOR PE X1 703 F1 (ExxonMobil Chemical) is a copolymer with 72.5 % ethylene content.
Blend preparation
During our previous research it was shown that neglecting nonuniformity of the phase structure can lead to considerable error in evaluation of the effect of system parameters on the blend morphology [26] . Preliminary examination of the nonuniformity of the phase structure in immiscible PP/EPM blends prepared using different combinations of screws rotation speed and mixing time, revealed that most suitable processing combination is 15 min with 60 rpm. This combination was used for the preparation of all PP/EPM blends. Polypropylene/Ethylene-Propylene copolymer blends with different concentration of dispersed phase (15, 20, 25 and 30 wt% EPR) were prepared by melt mixing at 195 o C, in Brabender Plasti-Corder PLE.
Blend annealing
Annealing of the prepared polymer blends was done in quiescent state, immediately after their preparation, in closed metal container heated between hot plates of Fontijne press (Vlaardingen, The Netherlands) at 180 o C, 200 o C and 220 o C. Specimens for examination of morphology evolution taken on certain time intervals (before and after 5, 10, 15, 20, 30, 40 and 60 min annealing) were quenched in cold water to preserve their phase structure.
Scanning electron microscopy
Rectangular plates were sliced from the quenched specimens and cut on two halves in liquid nitrogen to avoid plastic deformation. Fracture surfaces were polished under liquid nitrogen by periodic movement of the sample on the edge of freshly broken glass [27] . The smooth surfaces of PP/EPR samples were etched for 25 min with nhexane (Lach-ner, Neratovice, Czech Republic). Before observation in the electron microscope, the smoothed and etched surfaces were sputtered with Pt using a vacuum sputter coater SCD 050 (Balzers). SEM microscope Vega TS 5135 (Tescan, Czech Republic) was used for observing the changes in the phase structure during annealing of quiescent immiscible blends. For statistical purposes were photographed three different spots of the sample.
Image analyses
The micrographs were evaluated with image analyses software (NIS Elements, LIM, Czech Republic). Image analyses consisted of transforming the qualitative information from the acquired SEM micrographs into quantitative structure descriptors. This technique is automated, being based on a simple macro programmed in NIS Elements, converting the micrographs into image displaying black particles of EPR on white/gray background (matrix PP) and in the second step routinely calculating two parameters: EqDiameter (ED) and Circularity (CI). ED is a size feature determining the diameter of a circle with the same area as the corresponding object. CI is calculated from the object area and perimeter; has value 1 for circles and <1 for all other shapes. These two parameters were used for the pursuing of morphology changes i.e., changes in the size and shape of dispersed phase particles. Concerning the relation between the radius of spherical particles and ED, justification of interpretation of morphology changes in typical 3D particulate structure using 2D sections displaying circular objects can be found in reference [27] . Values for the structure descriptors declared in this paper represent mean arithmetic values from image analyses of three SEM micrographs, keeping in mind the possible nonuniformity of the phase structure.
Rheometry
To characterize linear viscoelastic properties of the examined immiscible polymer blends and their basic constituents, a Physica MCR 501 rheometer (Anton Paar, Austria) equipped with convection temperature device CTD 450 and parallel plate fixture of 25 mm diameter was utilized. The changes in the complex viscosity and the storage modulus (after determination of the linear viscoelastic region) were characterized during frequency sweep at 180 °C, in the frequency range 0.01 -100 rad/s.
Calculations and plotting
Calculations considering the applicability of coalescence theory were performed in the programs Maxima and Excel.
Trend lines on Fig. 2 and Fig. 3 represent logarithmic regression lines plotted in Excel.
The zero shear viscosity η 0 of the pure constituents were calculated from shear rate dependence of complex viscosity by the Carreau model [28] . The fitting of constants of the model is available in the rheometer software package from a Physica MCR 501 rheometer and it could be used, because the Cox-Merz rule is valid for the homopolymers [28] . Good agreement between the viscosity values calculated according to model equation, η 0 = (12071 ± 992) Pa·s for PP and η 0 = (7924 ± 209) Pa·s for EPR, and experimental data was achieved. The standard deviation values of the examined pure components are comparable with the precision of the measuring device.
